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1. INTRODUCTION 
During the last years polymerized liposomes as 
models for biomembranes have become a field of 
increasing interest [ 1- 111. Showing a remarkable 
stability, they are useful tools for the investigation 
of many biomembrane properties; e.g., membrane- 
bound enzyme activities [ 12,131 or surface recogni- 
tion phenomena [14]. A further way to model the 
function of complex cell membranes is the control- 
led variation of the membrane properties of poly- 
meric liposomes. One possible method, the prepa- 
ration of mixed liposomes from polymerizable and 
natural lipids, has been described [13]. A more 
natural route to this goal might be via the fusion 
of cells with liposomes. This would make it possi- 
ble to drastically change the membrane composi- 
tion of cells by the introduction of synthetic lipids; 
e.g., of polymerizable components or specific 
receptor-active phospholipids. 
As a first step in this direction we report the fu- 
sion of large liposomes with sizes comparable to 
cells. Liposomes of this size allow the application 
of the electro-fusion technique, first developed for 
cell-cell fusion [ 15-181. The fusion process can be 
monitored in a phase-contrast light microscope. 
This is in contrast to several other techniques 
[19-211 where only very small submicroscopic 
vesicles (c 100 nm) are fused and in which the fu- 
sion can only be proved indirectly. 
2. MATERIALS AND METHODS 
The natural lipids and cholesterol used in this in- 
vestigation were purchased from Sigma. Purity 
was controlled by TLC. As polymerizable lipids 
the butadiene derivatives (A) and (B) were used: 
CH3-(CH2)12-CH=CH-CH=CH-COO-CH2-CH2 
\ /CH3 
CH3-(CH2)12-CH=CH-CH=CH-COO-CH2_CH2 CH3 
Br- (A) 
CH3-(CH2),2-CH=CH-CH=CH-COO-CH2 
I 
CH3-(CH2)12-CH=CH-CH=CH-COO-C,H 
P 
CH3 @I 
CH2-0-P-0-CH2-CH2- N+-CH3 
o- C’H3 
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Both amphiphiles were synthesized as in [22,23]. 
Water was purified in a Millipore apparatus. Large 
unilamellar liposomes were prepared as in [24]: 
chloroform solutions of the lipids were mixed 
volumetrically before solvent evaporation. The 
resulting lipid multilayer film was hydrated in pure 
water. Because of the cholesterol content of all 
mixtures, it is possible to carry out part of the 
hydration process below the phase transition 
temperature of the pure component. The electric 
fusion technique is detailed in [ 15-181. The fusion 
chamber consisted of two parallel Pt-electrodes 
glued in parallel on a micro-slide (100 pm 
distance). 
3. RESULTS AND DISCUSSION 
Intimate contact between liposomes was estab- 
lished by the application of an alternating non- 
uniform field, resulting in dielectrophoresis and 
pearl-chain formation (kHz-range). However, in 
contrast to micro-organisms or plant or mam- 
malian cells, pearl-chain formation of liposomes 
was only observed in the kHz-range when 
liposomes bearing a net positive or negative charge 
were used (see table 1). Neutral liposomes were 
pulled out of the electrode gap. 
A semi-quantitative explanation results from 
consideration of the equation of the dielec- 
trophoretic force, F, acting on a small sphere of 
radius a in a field of strength, E [25,26]: 
E2 - El 
F= 2;rra3.m.c1 ~ 
( > E2 + 2El 
V PI2 
where: 
60 = the permittivity of free space; 
E~,EZ =the complex dielectric constants of the 
medium and of the sphere, respectively; 
V = the de1 vector operator and its presence in- 
dicates that the force is proportional to the 
divergence of the square of the field 
strength; that is, the force increases with the 
degree of non-uniformity of the field. 
It can be seen from this equation that the dielec- 
trophoretic force increases with the volume of the 
cell, and is sensitive to the dielectric constants of 
the medium and the cell. The radius-dependence of
the dielectrophoretic force has the consequence 
that only large vesicles are aligned parallel to the 
field lines (provided that the liposomes bear a net 
Table 1 
Dielectrophoretic behaviour of liposomes in an alterna- 
ting field (kHz-range) in dependence on the net charge of 
their membrane lipids 
Dielectro- 
phoretic 
behaviour 
Liposomes 
Net charge Composition 
Negative Neutral DOPC; DLPC; DMPC; 
DPPW (=synth. PC) 
Neutral Synth. PC/Cholesterol (1 : 1) 
Neutral Egg-PC 
Neutral Soybean-PC 3 
purified, 99% 
Positive Negative Synth. PC/DPPA/Choles- 
terola (1 : 1 : 1) 
Negative PS (bovine brain) 
Negative PA (egg yolk) 
Positive (l)/Cholesterol (1 : 1) 
Negative (Z)/DPPA/Cholesterol 
(1 : 1: 1) 
a Abbreviations: PC, phosphatidylcholine; DOPC, di- 
oleylphosphatidylcholine; DLPC, dilauroylphosphati- 
dylcholine; DMPC, dimyristoylphosphatidylcholine; 
DPPC, dipalmitoylphosphatidylcholine; PS, phospha- 
tidylserine; PA, phosphatidic acid; DPPA, dipatmi- 
toylphosphatidic acid 
charge). Smaller microscopic visible vesicles pre- 
sent in the suspension will therefore mainly be 
removed [24]. The ratio of the complex dielectric 
constants determines the direction of movement of 
the vesicles. If ~2 > ~1 (positive polarizability) the 
cells move into the region where the field is 
stronger (that is to the electrodes). This is termed 
positive dielectrophoresis and is observed in the 
kHz-range (as mentioned) if the liposomes bear a 
net charge. When ~2 = ~1 the force is zero. 
If ~2 < ~1 (negative polarizability) the dielec- 
trophoretic force becomes negative and pushes the 
vesicles away from the regions of maximum field; 
i.e., out of the electrode gap. This is termed 
negative dielectrophoresis. 
The relationship between the complex dielectric 
constants ~2 and ~1 changes with frequency. The 
liposomes represent a heterogenous ystem (mem- 
brane-interface) which exhibits frequency-depen- 
dent dielectric and conductive properties$hat differ 
from those of the constituent components. The 
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frequency dependence of Q-Q determines in the 
direction of vesicle (or cell) movement o itself be- 
come frequency dependent. Thus, it is quite con- 
ceivable that in the MHz-range (which was experi- 
mentally not accessible) neutral liposomes could 
also show positive dielectrophoresis, which is the 
first step required in the procedure of electro- 
fusion. It is interesting to note that net charges ob- 
viously lead to a change in the magnitude of the 
dielectric constant which represents a macroscopic 
parameter used to describe the dielectric and con- 
ductive properties of a heterogenous material. This 
matter will be important in future for the fusion of 
liposomes with cells and so deserves further 
investigation. 
In fig. 1 vesicles made up of polymerizable lipid 
(A) and cholesterol (1: 1) mixture were collected by 
dielectrophoresis between the electrodes using a 
field strength of 200-400 V. cm-’ at 100 kHz. The 
radius of the two large vesicles was -20 pm. After 
the establishment of point-to-point contact bet- 
ween at least two vesicles the field strength was 
slightly increased to achieve an optimum close 
membrane contact. Intimate membrane contact is 
normally associated with a flattening of the 
spheres in the contact zone (see fig. la). Higher 
field strengths of the alternating field lead to 
elongation of the vesicles as observed for cells 
[26,27] and must be avoided. The fusion process 
was initiated by a field pulse of 3-9 kV.cm-’ 
(depending on the size of the liposomes) and 20-50 
ps duration. The breakdown voltage is reached in 
membrane sites where the field is perpendicular to 
the membrane at an external field strength of -350 
V. cm-’ according to the integrated Laplace equa- 
tion [17,27]. The higher field strength required for 
fusion may be explained by the assumption that 
pores have to be generated over a larger membrane 
area. 
However, with living cells it was found that the 
intensity of the field pulse used for fusion should 
only be about double that required for reaching 
the breakdown voltage of those sites where the 
field vector crossed the membrane perpendicularly 
[l&26,27]. There are two possible reasons for the 
much higher field strength reported here. 
(i) It cannot be excluded that we are dealing with 
multilamellar liposomes. 
However, this seems very unlikely with the excep- 
tion of a few cases, because electron micrographs 
indicate that the vesicles are unilamellar [24]. 
(ii) The field strengths calculated from the voltage 
across the electrodes and from the distance bet- 
ween them may be subject to a large error. 
It is very likely (and there is experimental evidence 
for this) that the electrodes are shielded by an in- 
sulating lipid film which leads to a drop of part of 
the voltage across this layer. Thus the cells only ex- 
perience a fraction of the applied voltage. This is 
particularly evident when the fusion chamber is 
Fig. 1. Phase-contrast photographs of the fusion process of lipid vesicles, prepared from a 1: 1 mixture of lipid (A)/cho- 
lesterol; diameter of the vesicles, 37 and 45 pm, respectively; (a) pearl-chain formation in an alternating electric field 
of -200 V.cm-I; (b) elongated fused liposome, 1 s after application of a pulse of 3 kV.cm-’ strength and 30 ps dura- 
tion; (c) spherical new vesicle after turn off of the alternating electric field; new diameter, 51 pm. 
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used several times without cleaning it in an ultra- 
sonic bath in the presence of detergents. The ap- 
parent increase in the field strength required for 
fusion of liposomes has to be borne in mind 
when the fusion of cells and liposomes is to be 
attempted. 
It should also be noted that fusion could be in- 
duced by several successive pulses of shorter dura- 
tion (10 ,us). Just before the application of the field 
pulse, the AC field was switched off to avoid 
reorientation and rotation of the vesicles [27]. The 
intermingling of the membrane occurs within a 
fraction of a second. The membrane boundary be- 
tween the two vesicles disappears forming an oval, 
stretched vesicle as shown in fig. lb. A completely 
spherical liposome is formed after turn-off of the 
field (fig. lc). Similar results were obtained with 
liposomes of various composition (see table 1). If 
the vesicles are unilamellar, the whole fusion pro- 
cess takes place within a second. In the case of 
multilamellar vesicles the fusion time is slightly ex- 
tended to -3-6 s. The reorientation to a perfectly 
spherical liposome is also slowed down if the 
vesicles are filled with smaller ones (e.g., vesicle at 
the right upper part in fig. 1). Even in this case the 
fusion process is much faster than for cells which 
have fusion times of the order of minutes [17]. 
Visible particles adsorbed to the membrane (fig. 
1) very often allow the fusion process to be follow- 
ed easily by microscopy. The bright point visible in 
fig. la in the membrane contact zone is probably 
caused by an adsorbed crystallite of the lipid. Even 
after the fusion process is complete, the crystallite 
is still part of the membrane of the new vesicle. 
The volume of the spherical fused liposomes is 
equal to the sum of the volumes of the individual 
liposomes. This finding has the consequence that 
the surface area of the fused liposomes has to be 
decreased by -20% compared to the individual 
vesicles. We propose that the excess membrane 
material is removed by the following mechanisms 
(fig. 2) which were shown to operate in fusion of 
plant protoplasts [28]. 
Fig. 2a shows the lipid bilayer of the two lipo- 
somes brought into close contact by dielectro- 
phoresis. The electrical breakdown leads to the 
formation of apposed pores (fig. 2b). Due to the 
field strength required for fusion a large number of 
pores have to be generated in the contact zone. Re- 
orientation of the randomly oriented lipid mole- 
: ,’ 
I,. . 
.I 
Fig. 2. Proposed mechanism of the fusion process of 
liposomes resulting in the formation of small unilamellar 
vesicles at the interface: (a) lipid bilayers in contact; (b) 
pores generated by electric breakdown and lipid reorien- 
tation; (c) formation of membrane bridges and, in turn, 
of submicroscopic vesicles. 
cules in the breakdown pores leads to formation of 
membrane bridges in the contact zone and, in addi- 
tion, to the formation of small vesicles (fig. 2c) 
[28]. This is immediately evident if these considera- 
tions are extrapolated to the three-dimensional 
case. These small vesicles have not so far been 
detected during the fusion of liposomes. However, 
it is to be expected that they will be trapped within 
the large spherical iposome which is the final pro- 
duct. These results demonstrate that liposomes of 
quite different composition can be fused electri- 
cally provided that they show positive dielectro- 
phoresis. Fusion of liposomes with cells may be 
therefore possible, provided that both cells and 
liposomes have positive polarizability in the same 
frequency range and that the tonicity of the lipo- 
somes in their preparation medium matches that of 
living cells. 
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